The demand for dyes with solvatochromic properties has increased in the last few years, mainly due to their wide range of applications in the analytical and industrial fields, such as in the textile industry. The phenomenon of solvatochromism is associated with the differential solvation of the ground and excited states of the solvatochromic compounds, leading to an important tool for the study of the nature of solute-solvent interactions. In this paper we report the synthesis of new bis(indolyl)methane derivatives bearing arylthiophene spacers (2a-d) functionalized with electron-donating and electron-withdrawing groups, and the photophysical studies in different solvents, such as ethanol, acetonitrile, dichloromethane, trichloromethane, dimethylsulfoxide, diethylether and 1,4-dioxane. Aiming to explore their solvatochromic behavior in the ground and excited states, all solvents employed have different hydrogen-bond donor abilities. The largest colour modifications were visualized for compound 2b, the solution colours of which are orange in DMSO, blue in trichloromethane, green in dichloromethane and purple in 1,4-dioxane. A negative solvatochromism was observed in 2b and positive one in 2a, 2c and 2d.
Introduction
Over the years, a large number of studies have been conducted in order to discover the influence of the solvent on the chemical and physical properties of the solute. The different solvations of the ground and first excited states are associated with the solvatochromism phenomenon, which is an important tool for the study of the nature of solvent-solute interactions. Dyes with solvatochromic properties have been widely applied to investigate the solvent properties of ionic liquids 1, 2 and/or solvent mixtures, 3 and to detect low (below 50 ppm)
concentrations of water in aprotic solvents. 4 Studies with hemicyanine dyes are very relevant due to their application in the textile industry. 5, 6 The strong hydrogen-bond donor capability of the indolyl group NH in bis-(indolyl)methanes can lead to an internal charge transfer (ICT) state, which is responsible for a wide range of colour changes. Thus, the hydrogen bonding ability of the indolyl group can be modulated by the donor H-atom of detect fluoride anions, also by naked eye detection of the colour change from yellow to pink, based on proton transfer stages. Also, they reported that the introduction of an electron withdrawing or donating group at the indole moiety modified the acidity of the hydrogen bond sites, resulting in a positive effect on the sensitivity and selectivity for anions. Following our research interest 10 in photophysical and photochemical studies of new emissive and chromogenic materials, herein we report the synthesis and photophysical studies of four novel bis(indolyl)methane derivatives bearing arylthiophene spacers (2a-d) functionalized with electron-donating and electronwithdrawing groups (Scheme 1), in different solvents, such as ethanol, acetonitrile, dichloromethane, trichloromethane, dimethylsulfoxide, diethylether and 1,4-dioxane, all with different hydrogen bond donor (HBD) abilities, with the purpose of exploring their solvatochromic behaviour in the ground and excited states.
Experimental section

General synthesis
The reaction progress was monitored by thin layer chromatography (0.25 mm thick precoated silica plates: Merck Fertigplatten Kieselgel 60 F254), while purification was effected by silica gel column chromatography (Merck Kieselgel 60; 230-400 mesh). NMR spectra were obtained using a Varian Unity Plus Spectrometer at an operating frequency of 300 MHz for 1 H and 75.4 MHz for 13 C or a Bruker Avance III 400 at an operating frequency of 400 MHz for 1 H and 100.6 MHz for 13 C using the solvent peak as an internal reference. The solvents are indicated in parentheses before the chemical shift values (δ relative to TMS and given in ppm). Melting points were determined using a Gallenkamp apparatus. Infrared spectra were recorded using a BOMEM MB 104 spectrophotometer. Mass spectrometry analyses were performed at the "C.A.C.T.I.-Unidad de Espectrometria de Masas" at the University of Vigo, Spain.
Synthesis of bis-(indolyl)methanes 2a-d
KHSO4 (1.20 mmol) was added to a mixture of indole (2.40 mmol) and formyl arylthiophene precursors 1a-d (1.20 mmol) in dry methanol (10 ml), and the reaction mixture was stirred at room temperature for 7 h. Then water (10 mL) was added to quench the reaction, and the aqueous phase was extracted with trichloromethane (3 × 20 mL). The organic phase was dried with anhydrous MgSO4 and the crude compounds 2a-d were purified by recrystallization from trichloromethane.
3,3′-((5′-Phenylthiophen-2′-yl)methylene)bis(1H-indole) (2a dissolving an appropriate amount of the compound in a 10 mL volumetric flask and diluting it to the mark with absolute ethanol, acetonitrile, dichloromethane, trichloromethane, dimethylsulfoxide, 1,4-dioxane and diethylether. The stock solutions were then diluted till 10 −5 -10 −6 M. All the measurements were performed at 298 K. Luminescence quantum yields were measured using a solution of quinine sulphate in sulphuric acid (0.1 M) as the standard [ϕF = 0.54].
All solvents used were of the highest purity and were from Merck. The spectroscopic polarity parameters, physical properties and polarity functions of the solvent used are presented in Table 1 .
Results and discussion
In order to compare the effect of the electronic nature of the substituent at position 4 of the aryl moiety on the solvatochromic properties of chromophores 2a-d, formyl-derivatives containing electron-donor or electron-withdrawing groups (R = H, MeO, NMe2, NO2) at the arylthienyl moiety were used as prephotophysical properties of the solute, such as the dipole moment and polarization changes of the molecule in the ground and excited states, the solvent effect can offer relevant information. The dipole moment changes in the molecule in the excited state, with respect to the ground state, can be achieved by different methods based on solvatochromism (internal electric field effect). 12, 13 When the absorption and/or emission bands of a compound change with the solvent polarity, they are called solvatochromic. It can be either positive or negative, depending on whether a red or a blue shift is observed with the increase of the solvent polarity, 14 cursors. Indole and 5-phenylthiophene-2-carbaldehyde 1a were commercially available and the synthesis of 5-(4-methoxyrespectively.
One method used for quantitatively characterizing solute- Thus, heterocyclic probes 2a-d with the arylthienyl moiety (bearing donor or electron-withdrawing groups) linked to the bis-(indolyl)methane system were synthesized in moderate to excellent yields (42-90%) in methanol at room temperature for 7 h, catalysed by potassium hydrogen sulphate (Scheme 1).
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In the 1 H NMR spectra of bis-(indolyl)methanes 2a-d, a broad singlet at about 10.17-10.89 ppm was attributed to the two NH groups in the bis-indolyl moiety. The NH was also identified by IR spectroscopy as a sharp band within the spectral region of 3383-3409 cm −1 . Many chromophores show shifts in the absorption and emission bands in different solvents, which could be due to differences in the solvent properties such as polarity, relative permittivity and the solvent's polarization. Looking at the ET (30): Reichardt empirical polarity parameter; ε: relative permittivity; n: refractive index; α: the solvent's HBD acidity; β: the solvent's HBA basicity; π*: the solvent's dipolarity/polarizability. the absorption and emission energies are correlated with different solvent parameters by the following eqn (1):
where ν0 is the value of absorption and/or emission in a reference solvent; α: the solvent's hydrogen bond donor (HBD) acidity; β: the solvent's hydrogen bond acceptor (HBA) basicity; π*: the solvent's dipolarity/polarizability; and the parameters a, b and p (corresponding to the responses of the solute property to the solvent property) can be obtained through a multiparametric fitting. In order to estimate the dipole moments, the absorption and fluorescence emission spectra of compounds 2a-d were obtained in different solvents such as absolute ethanol, acetonitrile, dichloromethane, trichloromethane, dimethylsulfoxide, 1,4-dioxane and diethylether. These solvents present a dielectric constant (ε) varying from 2.2 to 47.2 (see Table 1 ). In Table 1 , the α, β and π* parameters of all solvents tested 16 are summarized.
The photophysical data, such as the maximum wavelength of absorption and emission bands, as well as the charge transfer bands of compounds 2a-d in the studied solvents, are presented in Table 2 .
Concerning the same solvent, the insertion of electrondonating (OMe, NMe2) and electron-withdrawing (NO2) groups in compounds 2b, 2c and 2d, respectively, induced changes in the ground and excited states 14 when compared to compound 2a. Fig. 1 shows the UV/Vis absorption and emission bands of all compounds studied in acetonitrile, where a red shift is observed. In the absorption band, a value of 292 nm (2a) < 300 nm (2b) < 325 nm (2c) < 370 nm (2d) is presented (see Table 2 and Fig. 1) , with the largest band shifts being observed for compound 2d (Δλ = 78 nm) with an electron-withdrawing group (NO2). However, in the emission band, a value of 420 nm (2a) < 365 nm (2b) < 400 nm (2c) < 450 nm (2d) is detected (see Table 2 and Fig. 1) , with the longest shift being observed for compound 2d (Δλ = 30 nm) with an electron-withdrawing group (NO2). The presence of lone pairs of electrons at the oxygen and nitrogen atoms does not change the π-π* nature of the transition, but affects the energy levels of the n-π* transitions. 14 The relative fluorescence quantum yield of compounds 2a-2d was measured in all solvents studied using a solution of quinine sulphate in sulphuric acid as a reference.
Fluorescence quantum yields were found to be ca. ϕ = 0.01-0.06 for 2a, ca. ϕ = 0.01-0.07 for 2b, ca. ϕ = 0.03-0.30 for 2c and ca. ϕ < 1 × 10 −3 for 2d. As can be seen, the highest values of fluorescence quantum yield were obtained for compound 2c with a dimethylamino group and the lowest for 2d with a nitro group. Compounds containing electron-withdrawing groups, such as 2d, have a low-lying n-π* excited state and thus exhibit low fluorescence quantum yields, due to a non-radiative process. 14 In compound 2c, the transitions corresponding to the promotion of an electron from an n orbital to a π* orbital are more intense than the n-π* transitions involving the lone pairs at the nitro group, which justifies the highest fluorescence quantum yield observed.
Concerning the different solvents, compound 2a shows an absorption band at ca. 292 nm and in apolar solvents such as trichloromethane and 1,4-dioxane a charge transfer (CT) band at 450 nm and 440 nm is observed, respectively. A colour change from colourless to yellow (1,4-dioxane) and/or orange (trichloromethane) is also identified (Fig. 2) . In relation to the emission, a change in the maximum band from 365 nm (trichloromethane) to 455 nm (dimethylsulfoxide) could be seen ( Fig. 3A and Table 2 ). Compound 2a in the most apolar solvents has an emission band at ca. 365 nm, and with the solvent polarity increase, a red shift in the emission band to 390 nm, 450 nm and 455 nm for ethanol, acetonitrile and DMSO, respectively, is detected. In this case a positive solvatochromism is observed (Fig. 3A) .
A hypsochromic shift (blue shift) of the CT absorption bands in compound 2b with the solvent polarity increase is observed, whereas the CT maximum absorption band appears
Compound 2c is practically not affected in the ground state with the polarity of the solvent, presenting an absorption band centered at ca. 325-330 nm, with the exception of trichloromethane in which a CT band at 415 nm and a red color is observed (Fig. 2) . In the emission spectra a bathochromic shift is detected with the solvent's polarity increase, being the maximum of the emission band centered at ca. 386 nm (diethylether, 1,4-dioxane) < 390 nm (ethanol) < 395 nm (dichloromethane) < 400 nm (trichloromethane, acetonitrile) < 405 nm (DMSO) (Fig. 3C) . Furthermore, compound 2d, in a similar manner to compound 2c, is practically not affected in the ground state, presenting an absorption band around 365-374 nm, as well as in the emission spectra where a weak emission is observed centered at ca. 450 nm in all solvents. On the other hand, in the most apolar solvent, 1,4-dioxane, it presents a CT band at ca. 510 nm, giving a red color in this solvent (Table 2 and Fig. 2) .
Overall, regarding the solvatochromic effect in the excited state (see Fig. 3 ), the most pronounced was observed for compounds 2a, 2b and 2c where a red shift in the emission was obtained for 2a and 2c, and a blue shift in the absorption for 2b, with the solvent polarity increase. Considering these results, the multiparametric fitting of the Kamlet-Taft eqn (1) was carried out using the solvent parameters listed in Table 1 for all solvents. Based on this fitting a linear plot of νexp versus νcalc was determined for compounds 2a-2c; the fitted parameters are presented in Table 3 .
The p values in Table 3 show that the contribution of dipolarity/polarizability decreases the stabilization of the excited state of the compounds from 2c, 2a to 2b, where 2b is the most unstable and 2c the most stable in the excited state. Looking at coefficient a, compounds 2a and 2c are less negative than 2b, suggesting stabilization of excited states for 2a and 2c.
The dipole moments in the ground and excited states were estimated taking into account the theory of Kawski et al. 18 which can be defined by: νa − νf = m1 f (ε, n) + constant and νa + νf = m2 [f (ε, n) + 2 g(n)] + constant, whereas νa and νf are the band absorption and emission frequencies (cm −1 ); In the emission spectrum, no relevant changes are shown, with the emission located at ca. 365 nm for most solvents, and 375 nm for trichloromethane and 386 nm for DMSO (see Fig. 3B ). The strong modifications in the absorption of 2b are also naked eye detectable, in which different colours are visualized, such as orange in DMSO, blue in CHCl3, green in CH2Cl2 in vacuum, ε the permittivity and n the refraction index, μg and μe the dipole moments in the ground and excited states. If the , slope and correlation coefficients obtained from the Kamlet-Taft multiparametric fitting of the absorption (2b) and emission data (2a, 2c) and purple in 1,4-dioxane (Fig. 2) . The negative solvatochromism for compound 2b can be explained assuming that Compound ν0 (cm ð3Þ arylthiophene spacers were synthesized in moderate to excellent yields through a simple synthetic procedure and a simple The ground and excited state dipole moments for compounds 2a and 2c were determined through the linear curve fitting of νa − νf and νa + νf as a function of f (ε, n) and f (ε, n) + 2 g(n). The data were fitted to a straight line and the resulting slopes lead us to the m1 and m2 values. The dipole moments were then calculated considering the above equations and are summarized in Table 4 . According to Table 4 14 Since compound 2b presented a strong negative solvatochromism whereas the transfer of charge in the CT excited state is antiparallel to the ground state (the excited state has a lower dipole moment than the ground state), the dipole moments were calculated according to the Lippert-Mataga eqn (4). 14 purification methodology and completely characterised.
The solvatochromic studies showed that the largest colour modifications were visualized for compound 2b, whereas colours of orange for DMSO, blue for trichloromethane, green in dichloromethane and purple for 1,4-dioxane were observed. Apart from compound 2b, all other compounds showed a positive solvatochromism. The strong colour changes and a large negative solvatochromism in 2b are in agreement with the dipole moment in the ground and excited states, whereas a value of 14.5 D and 1.30 D for μg and μe (Δμ = 13.2 D) was obtained. Thus, as expected, the ground state dipole moment value is really higher when compared with the excited state, and with the other compounds. The slope from the linear regression of νa − νf, νa or νf as a function of Δf gives us the dipole moment of compound 2b in the ground (μg) and excited (μe) states and is presented in Table 4 . Looking at Table 4 , values of 14.5 D and 1.30 D for μg and μe (Δμ = 13.2 D), respectively, were obtained for 2b. As expected, the ground state dipole moment value is really 
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